The effect of a-tocopherol on the structure and phase behaviour of mixed aqueous dispersions of phosphatidylcholine and phosphatidylethanolamine has been examined by synchrotron X-ray diffraction and freeze-fracture electron microscopy. Equimolar mixtures of fully saturated derivatives of phospholipids that show gel phase immiscibility were examined including dimyristoylglycerophosphocholine/dipalmitoylglycerophosphoethanolamine and distearoylglycerophosphocholine/dilauroylglycerophosphoethanolamine. Analysis of the X-ray scattering intensities recorded at wide angles during heating scans of mixed aqueous dispersions containing 2.5 or 5 mol% a-tocopherol showed that a-tocopherol disordered the acyl chain packing of the phosphatidylcholine to a greater extent than the phosphatidylethanolamine component of the mixture. This suggested that atocopherol preferentially interacts with phosphatidylcholine rather than phosphatidylethanolamine, irrespective of whether this was the high or low melting point component of the mixture. The presence of 20 mol% atocopherol in either phospholipid mixture prevented gel phase separation during the prior cooling scan and no conclusions could be drawn as to the distribution of a-tocopherol in these mixtures.
Biological membranes consist of a complex assortment of polar lipids differing in polar head group and hydrocarbon substituents. The distribution of lipids within the bilayer matrix is not homogeneous and there is convincing evidence of both lateral and transverse asymmetry of lipid components [1±3] . The amount of a-tocopherol in membranes is estimated to fall within the range of 0.1±1 mol% of phospholipids in most membranes [4] and can thus be regarded as a relatively minor lipid constituent. Nevertheless, the creation of enriched domains of a-tocopherol may result in localized effects on membrane structure and stability.
a-Tocopherolocopherol is believed to have two primary functions in cells. Its major role is generally regarded as its action as an antioxidant, preventing free radical damage to tissues and specifically to unsaturated membrane lipids [5±10] . A subsidiary function is to stabilize the structure of membranes [11] . One of the ways in which a-tocopherol is believed to stabilize membranes is to form complexes with membrane lipid components that have a tendency to destabilize the bilayer structure thereby counteracting their effects and rendering the membrane more stable. Kagan [11] used paramagnetic resonance spectroscopy to demonstrate the formation of complexes between free fatty acids and a-tocopherol in phospholipid bilayer membranes. The incorporation of a fatty acid spin probe into bilayers of palmitoyl-oleoylphosphatidylcholine was found to take place when the phospholipid was in a liquid-crystal phase. At temperatures below the gel to liquid-crystal phase transition temperature, the spin probe could become incorporated into the bilayer when 15 mol% arachidonic acid was added alone but not with 5 mol% a-tocopherol. This was interpreted as formation of a complex between arachidonic acid and a-tocopherol, which did not perturb the phase behaviour of the phospholipid to the same extent as the free fatty acid. Similar conclusions were drawn from 1 H NMR studies of dipalmitoylphosphatidylcholine bilayer dispersions containing 20 mol% linolenic acid in the presence or absence of 5 mol% a-tocopherol. Evidence was also obtained for the formation of complexes between lysophosphatidylcholine and a-tocopherol that were thought to explain the protective effect of a-tocopherol against the products of phospholipase A hydrolysis of biological membranes [12] . The mode of interaction of unsaturated fatty acids with a-tocopherol has been investigated by Urano et al. [13] using fluorescence and NMR methods. They showed that a-tocopherol decreased the fluidity of phospholipid liposomes that were perturbed by the presence of free fatty acids with more than one double bond. Examination of spin-lattice relaxation modes of the methyl carbons led to the conclusion that the three methyl groups attached to the chromanyl ring of a-tocopherol rather than the isoprenoid sidechain have the strongest affinity for unsaturated lipids.
Model membrane studies using single molecular species of phospholipids have provided evidence for the existence of stoichiometric complexes between a-tocopherol and specific phospholipids [14±17]. There have, however, been few studies to determine whether a-tocopherol preferentially interacts with specific phospholipids or partitions into particular phospholipid domains. From a calorimetric study of the effect of a-tocopherol on aqueous dispersions of phospholipid mixtures, Ortiz et al. [18] concluded that a-tocopherol tends to partition into the most fluid phases of bilayers consisting of phase separated domains of gel and fluid phase irrespective of whether the fluid phase was phosphatidylcholine (PtdCho) or phosphatidylethanolamine (PtdEtn). This conclusion appeared to be inconsistent with the formation of complexes with saturated PtdChos and induction of nonbilayer phases in PtdEtns deduced from binary mixtures of a-tocopherol and phospholipid [14±17] .
The aim of the present synchrotron X-ray diffraction study was to determine whether preferential interactions take place between a-tocopherol and particular phospholipids when codispersed with mixed phospholipids in aqueous systems. The use of a synchrotron X-ray diffraction method has the advantage of allowing direct structural assignments of the phase formed by the phospholipid as well as providing information on the acyl chain order, known to be highly correlated with enthalpy measurements obtained from calorimetry [19] .
M A T E R I A L S A N D M E T H O D S
Lau 2 Gro-P Etn (dilauroylglycerophosphoethanolamine), Myr 2-Gro-PCho (dimyristoylglycerophosphocholine), Pam 2 Gro-PEtn (dipalmitoylglycerophosphoethanolamine) and Ste 2 Gro-PCho (distearoylglycerophosphocholine) were purchased from Avanti Polar Lipids (Alabaster) and a-tocopherol from Acros Organics (Geel, Belgium). The lipids were dissolved in chloroform and mixed in appropriate proportions to achieve the desired molar fractions. The solvent was evaporated under a stream of oxygen-free dry nitrogen and stored for 24 h under vacuum to remove any remaining traces of solvent. The lipid mixtures were hydrated at 80 8C for at least 1 h and dispersed using a rotamixer until homogeneous dispersions were obtained. The lipid dispersions were stored at 0±4 8C for 24 h before examination. The method of preparation and storage gave reproducible phase behaviour when samples prepared at different times were examined by X-ray diffraction.
Synchrotron X-ray diffraction experiments were performed using a monochromatic (0.15405 nm) focused X-ray beam at station 8.2 of the Daresbury Synchrotron Radiation Laboratory, UK. The camera configuration allowed detection of small-angle and wide-angle X-ray scattering with a minimum of parallax error [20] . The beamline generates a flux of 4 Â 10 10 photons per second with a focal spot size of 0.3 Â 3 mm 2 (V Â H) when the synchrotron radiation source is operating at a nominal 200 mA. The samples were mounted in a slot (1 Â 5 mm) cut in a 1-mm thick copper plate sandwiched between a pair of thin mica sheets. The sandwich was clamped to the silver block containing the temperature sensing and modulating elements of a cryomicroscope stage (Linkam Scientific Instruments Ltd, UK). X-ray scattering intensities at small-angles (SAXS, 2u 0.043±7.98) were recorded using a multiwire quadrant detector. X-ray scattering intensities at wide-angles (WAXS, 2u 8±608) were recorded using an INEL curved linear-wire detector (Instrumentation Electronique, France). Data were acquired in 400 consecutive time frames of 5 s and separated by a dead time between frames of 50 ms. Experimental data were analysed using the otoko software (EMBL, Hamburg, Germany) programme [21] . Scattering intensities at low-angles were corrected for fluctuations in beam intensity and detector response recorded from an 55 Fe source. Spatial calibrations were obtained using 21-orders of wet rat-tail collagen (d 67 nm) [22] . The scattering intensity data recorded by the INEL detector was corrected for scattering from an empty cell and spatial calibrations were established from high-density polyethylene (0.4166, 0.3780, 0.3014 nm) [23] . Samples were heated to about 80 8C prior to recording the first cooling scan to avoid unnecessary exposure of the sample to the X-ray beam. The reciprocal spacing S 1/d 2sin(u)l 21 , where d, l, u are the repeat distance, X-ray wavelength and the diffraction angle, respectively.
Samples and tools used for sample manipulation for freezefracture electron microscopy were equilibrated at the desired temperature for at least 15 min. For cryofixation, a small drop of the suspension was sandwiched between two copper plates and manually plunged into liquid propane. Fracturing and shadowing were performed at 2150 8C in a BAF 400D freezeetching device (Balzers, Liechtenstein). The replicas were cleaned with chloroform and examined using a CEM 902 A (Zeiss, Germany) electron microscope.
R E S U L T S
To examine the distribution of a-tocopherol between coexisting gel and fluid phases in phospholipid bilayer dispersions, the thermotropic phase behaviour of appropriate mixtures of phospholipid containing a-tocopherol were examined by synchrotron X-ray diffraction methods. Phospholipid mixtures were chosen so that any preferential interactions with specific phospholipid class could be identified by perturbation of specific domains by the presence of a-tocopherol.
Partition of a-tocopherol in mixtures of Myr 2 Gro-PCho/Pam 2 Gro-P Etn (1 : 1)
The thermotropic phase behaviour of an equimolar mixture of Myr 2 Gro-PCho and Pam 2 Gro-P Etn is presented in Fig. 1 . Two phase transitions were observed during a heating scan from 20 to 60 8C. The first has a midpoint of 27 8C and is characterized by a slight increase in lamellar d spacing and a sharpening of the WAXS peak at 0.42 nm. The second transition takes place at 47 8C and is characterized by a decrease of the lamellar repeat spacing from 7.1 nm (40 8C) to 5.8 nm (60 8C) recorded in the SAXS region and a corresponding change from a sharp symmetrical diffraction peak at 0.43 nm (40 8C) to a broad peak centered at 0.46 nm (60 8C) in the WAXS region. These are consistent with published DSC studies in which two broad peaks were observed at 26.6 and 52 8C, respectively [18] . The presence of a-tocopherol in the equimolar mixture of Myr 2 Gro-PCho and Pam 2 Gro-P Etn was found to alter the phase behaviour of the dispersion. Figure 2 shows the X-ray diffraction intensity patterns in the SAXS region of mixtures containing 2.5, 5 and 20 mol% a-tocopherol recorded during a heating scan from 20 to 60 8C. Two phase transitions could be detected in the sample containing 2.5 mol% a-tocopherol and the sample containing 5 mol% a-tocopherol shows a broadening of the lamellar repeat spacings suggesting that the bilayer order is reduced. When the proportion of a-tocopherol was increased to 20 mol%, only one broad phase transition was observed. This is again consistent with previous DSC results reported for this phospholipid mixture containing increasing proportions of a-tocopherol [18] .
A detailed analysis of the WAXS intensity profiles of these mixtures was undertaken and the results are presented in Fig. 3 . The WAXS was characterized in all of the mixtures containing a-tocopherol by a single symmetrical-peak centered at 0.43 nm, typical of a gel phase and a broad diffuse scattering band at high temperature located at 0.46 nm indexing the disordered chains in a liquid-crystal phase. The normalized scattering intensity of the sharp gel-phase peak recorded during heating scans of the phospholipid mixtures with a-tocopherol is plotted as a function of temperature in Fig. 3A . This shows that the two phase transitions seen in the SAXS patterns of the pure phospholipid mixtures (Fig. 1) can also be seen in the WAXS region. The midpoint of the first transition is located at about 27 8C and is higher than the melting point of the pure Myr 2 Gro-PCho (23 8C). The second transition at 47 8C is somewhat lower than the lamellar gel to liquid-crystal phase transition of the pure Pam 2 Gro-P Etn (64 8C). The explanation for the difference in phase transition temperatures between the pure phospholipids and those observed in the mixed dispersion is that there is incomplete phase separation during the cooling scan of the mixture. While phase separation of the two phospholipids is observed in the presence of up to 5 mol% a-tocopherol, the presence of 20 mol% a-tocopherol prevents any phase separation and the transition observed in the WAXS intensity profiles is spread over the entire range of the heating scan. To relate the change in the WAXS intensity of the sharp peak at 0.43 nm to temperature the integral of the peak area was calculated at 0.2 s intervals during the heating scan from 20 8C and the value, d I /d t was plotted as a function of temperature where I is X-ray scattering intensity of the WAXS peak and t is time. The relationship for each of the dispersions is presented in Fig. 3b . The curves show maxima corresponding to the midpoint of the phase transition of the Myr 2 Gro-PCho (peak 1) and Pam 2 Gro-P Etn (peak 2) components of the mixture. The ratio in height, peak 2/peak 1, is found to increase with increasing a-tocopherol in the mixture. This is consistent with a preferential partition of a-tocopherol into Myr 2 GroPCho so as to reduce the contribution of change in the intensity of the wide-angle reflection due to Myr 2 Gro-PCho relative to Pam 2 Gro-P Etn. As only a single broad peak is obtained with the mixture containing 20 mol% a-tocopherol, it is not possible to determine any phase preference for a-tocopherol but it is clear that at such high proportions of a-tocopherol, thermotropic phase separation on cooling the mixture is prevented.
Partition of a-tocopherol in mixtures of Ste 2 Gro-PCho/Lau 2 Gro-P Etn (1 : 1)
The X-ray diffraction intensity patterns both in SAXS and WAXS regions of an aqueous dispersion of an equimolar mixture of Ste 2 Gro-PCho and Lau 2 Gro-P Etn during a heating scan from 25 to 60 8C are shown in Fig. 4 . Two phase transitions were observed: the first centered at about 34 8C is slightly higher than the lamellar gel to liquid-crystal phase transition of the pure Lau 2 Gro-P Etn (30 8C), while the second transition at 46 8C is lower than the phase transition temperature of pure Ste 2 Gro-PCho (56 8C). As with the Myr 2 Gro-PCho/Pam 2 Gro-P Etn mixture, the transition temperature of the higher melting component is perturbed to a greater extent than the lower melting component. This is explained by a less efficient phase separation of the higher melting point component during the cooling process. The phase transition temperatures are consistent with published differential scanning calorimetric results obtained from this mixture in which two broad endothermic peaks were observed at 37.2 and 42.6 8C, respectively [18] .
The presence of a-tocopherol was found to affect the phase behaviour of the dispersion of an equimolar mixture of Ste 2 Gro-PCho and Lau 2 Gro-P Etn. The X-ray diffraction intensity patterns recorded in the SAXS region from mixtures containing up to 20 mol% a-tocopherol are shown in Fig. 5 . Two phase transitions can be distinguished in the mixed dispersion containing 2.5 mol% a-tocopherol but with increasing proportion of a-tocopherol the phase transition becomes progressively broadened.
A similar analysis of the WAXS intensity data to that presented in Fig. 3 was undertaken and the results are presented in Fig. 6 . Only one peak centered at 0.43 nm in the WAXS region was observed at the beginning of the scan at 25 8C in all of the mixtures containing up to 20 mol% a-tocopherol. The normalized scattering intensity of this peak is presented as a function of temperature in Fig. 6A . The change in scattering intensity of the WAXS peak with temperature has two components in mixtures containing up to 5 mol% a-tocopherol. In the mixed dispersion containing 20 mol% a-tocopherol, there is a gradual decrease in intensity of this peak during the heating scan. The midpoints of the transition are at about 32 8C and 45 8C, respectively, and correspond to the changes in the SAXS intensity patterns seen in Figs 4 and 5. Plots of the relationship between the rates of change in WAXS scattering intensity, d I /d t , as a function of temperature are presented in Fig. 6B . Two peaks are clearly distinguished in mixtures containing up to 5 mol% a-tocopherol that are assigned to chain disordering of the Lau 2 Gro-P Etn (peak 1; about 32 8C) and Ste 2 Gro-PCho (peak 2; about 45 8C), respectively. The values obtained for the mixture containing 20 mol% a-tocopherol indicate only a single broad peak, suggesting that at higher proportions of a-tocopherol there is no clear phase separation between the two phospholipids in the dispersion. The inset of the figure shows the relationship between the relative heights of peak 2 and 1 and the mol% a-tocopherol in the mixture. This shows that as the proportion of a-tocopherol in the mixture increases the contribution to the change in scattering intensity of the WAXS peak from Ste 2 Gro-PCho decreases relative to that from Lau 2 Gro-PEtn. This can be interpreted as a preferential partitioning of a-tocopherol into the high melting point phospholipid component of the mixture.
It was noted that with increasing proportions of a-tocopherol in mixed aqueous dispersions of Lau 2 Gro-P Etn and Ste 2 GroPCho additional weak reflections in the SAXS region were present in the fluid phase. This can be seen from a comparison of SAXS intensity patterns recorded from Ste 2 Gro-PCho, Lau 2 Gro-P Etn and equimolar mixtures of the two phospholipids all containing 20 mol% a-tocopherol recorded at 60 8C Fig. 7A . The weak reflection at a position corresponding to a d-spacing of 6.0 nm in mixture of a-tocopherol/Lau 2 Gro-P Etn/ Ste 2 Gro-PCho has the same d-spacing as the prominent peak of Lau 2 Gro-P Etn/a-tocopherol mixtures, which has been assigned previously to the first-order of an inverted hexagonal phase [14] , suggesting that this reflection might originate from an inverted hexagonal phase in the mixture. This is consistent with freeze-fracture electron microscopy of dispersions thermally quenched from 65 8C, which show the presence of inverted hexagonal phase structure (Fig. 7B) . The prominent peak at 6.9 nm in the mixture of a-tocopherol/Lau 2 Gro-P Etn/Ste 2 GroPCho is very close to the d spacing of the first order peak of a-tocopherol/Ste 2 Gro-PCho. This again supports the X-ray data suggesting that the a-tocopherol preferentially partitions into the Ste 2 Gro-PCho.
D I S C U S S I O N
In mixtures of PtdCho/PtdEtn (1 : 1) showing phase separation, a-tocopherol preferentially partitions into PtdCho when present in proportions of up to 5 mol%. No evidence of phase separation of the two phospholipids was obtained in mixtures containing proportions of a-tocopherol greater than 5 mol%, and consequently no conclusions could be drawn as to any preferential interaction between a-tocopherol and specific phospholipid class. The effect of a-tocopherol on phase behaviour and structure of Myr 2 Gro-PCho, Ste 2 Gro-PCho, Lau 2 Gro-PEtn and Pam 2 Gro-P Etn dispersions has been reported previously by our group [14, 15, 24] . The results obtained showed that the effect of a-tocopherol differed markedly between these two of phospholipid classes. Mixtures of a-tocopherol and PtdCho invariably form lamellar phases as does the pure phospholipid but the formation of nonlamellar H II phase was observed in mixtures of a-tocopherol and PtdEtn at temperatures below the lamellar gel to liquid-crystal phase transition temperature of the pure phospholipid. The inverted hexagonal phase coexisted with the lamellar gel phase of pure PtdEtn indicating that when a-tocopherol partitions into enriched phases it forms nonlamellar phase rather than a stable complex in bilayer arrangement. The presence of hexagonal phase in PtdCho/ PtdEtn mixtures containing a-tocopherol may therefore indicate the formation of domains of PtdEtn enriched with a-tocopherol. However, in the present X-ray diffraction study of mixed aqueous dispersions of a-tocopherol/PtdCho/PtdEtn, mainly lamellar gel and liquid-crystalline phases were observed. The changes in the SAXS patterns are most similar to those of mixtures of a-tocopherol and PtdCho. This suggests that a-tocopherol preferentially interacts with the PtdCho in mixtures of PtdEtn/PtdCho (1 : 1), regardless the length of hydrocarbon chains of the two phospholipids. Similar conclusions can be drawn from normalized scattering intensity values of the peak at 0.42 nm in the WAXS region (Figs 3 and 6) . Thus up to 5 mol% a-tocopherol preferentially partitions into the PtdCho; the incorporation of more than 5 mol% a-tocopherol prevents phase separation of the two phospholipids.
The conclusions drawn from the X-ray data presented here differ from interpretation of the differential scanning calorimetry results of Ortiz et al. [18] who interpreted calorimetric evidence to conclude there was a preferential partition of atocopherol into the lowest melting component of PtdCho/ PtdEtn mixtures irrespective of whether this was PtdCho or PtdEtn. One possible reason for the difference in interpretation of the results of calorimetry reported by Ortiz et al. [18] and the present diffraction data is that the calorimetry relied on a single thermogram recorded from an equimolar mixture of Lau 2 Gro-P Etn/Ste 2 Gro-PCho containing 2 mol% a-tocopherol. With 7 mol% a-tocopherol, a loss of cooperativity was observed in the transition of both phospholipids in the mixture and no conclusions could be drawn as to a partitioning of the atocopherol. The trend observed in this mixture using the diffraction method was obtained with two samples containing 2.5 and 5 mol% a-tocopherol. Furthermore, the quality of the X-ray data was much improved by using a thermal scan rate of 2 8C´min 21 rather than 4 8C´min 21 that was used to obtain the thermal data; scan rate is known to have a marked effect on phase separation and domain formation in phospholipid bilayers.
It is noteworthy that in the diverse mixtures examined including Lau 2 Gro-P Etn/Ste 2 Gro-PCho (1 : 1) and Myr 2 GroPCho/Pam 2 Gro-P Etn (1 : 1), a-tocopherol always appears to preferentially interact with phosphatidylcholine. The difference between PtdCho and PtdEtn is due to the size and hydration of their respective headgroups [25] . The respective volumes of the anhydrous headgroups of PtdCho and PtdEtn are 324 A Ê 3 and 243 A Ê 3 [26] . The respective areas occupied by the headgroup at the aqueous±bilayer interface of Pam 2 Gro-PCho and Pam 2 GroPEtn are 52 A 2 and 42 A 2 [27, 28] . A number of studies employing the lipid desorption technique have indicated that hydrogen bonding makes a significant contribution to the forces involved in the interaction between the headgroups of phospholipids in bilayer configuration [29±31] . Such hydrogen bonding occurs not only directly between adjacent lipids but also via the hydration layer. The headgroup spacing of phospholipids is closely related to the strength of any interlipid hydrogen bonding in the lipid bilayer. Thus PtdEtn can hydrogen bond with neighboring lipids [29±31], while PtdCho molecules in the lipid layer must hydrogen bond to each other via a water cross-bridge, i.e. the hydration layer [32, 33] . These different headgroup situations influence the interaction between the hydrocarbon chains so that the main transition temperature of PtdEtn is invariably higher than that of PtdCho with the same hydrocarbon chains, for example, the main transition temperatures of Pam 2 GroPCho and Pam 2 Gro-P Etn are 41 and 64 8C, respectively. This difference in temperature of the main transition between PtdCho and PtdEtn decreases with increasing chain length [34] . This suggests that the interaction between PtdEtn molecules in lipid bilayers is stronger than that between PtdCho molecules. This is consistent with our previous X-ray diffraction data, which showed that in gel phase a-tocopherol is always separated from pure PtdEtn bilayers [14±16], but mixes readily with PtdCho to form a ripple phase [24] . The same conclusion has been drawn by Slater et al. [35] using the lipid desorption technique. In this study (7-nitrobenzo-2-oxa-1,3-diazole-4-yl)aminohexanoate (C6-NBD) was used to label the phospholipids. The rate of desorption was followed by observing changes in fluorescence intensity with time. The rates of desorption of the NBD phospholipids from phosphatidylcholine donor vesicles were found to be in the order of PtdCho . PtdEtn. This indicates that the interlipid interaction of PtdEtn in the lipid layer is stronger than that of PtdCho.
The significance of the preferential interaction between PtdCho and a-tocopherol is that domains enriched in a-tocopherol may be created in biological membranes. Such domains may possess specific properties required for the function of a-tocopherol in membranes. Further studies are required to characterize the a-tocopherol enriched domains in membranes in order to understand how the putative functions of a-tocopherol are performed.
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